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Between one and seven biological control agents have been released against water
hyacinth (Eichhornia crassipes (Mart.) Solms) in at least 30 countries, with varied
success. A mirid, Eccritotarsus catarinensis (Carvalho) (Heteroptera: Miridae), the
most recent agent released, is damaging to the plant on the African continent. It
could be useful in the USA where water hyacinth remains a problem, but its
introduction remains in doubt because during host specificity trials, it developed
on Pontederia cordata L. (pickerelweed), indigenous to the USA. However, it did
not establish on pickerelweed monocultures during South African field trials, and
only light spillover feeding occurred where the two plants coexisted suggesting that
the use of P. cordata as a host is a laboratory artefact and it may be suitable for use
in the USA, if its thermal physiology allows establishment. We reran models
developed for South Africa using CLIMEX to predict whether the mirid will
establish where water hyacinth and pickerelweed co-occur, but not where
pickerelweed occurs in the absence of water hyacinth. The models suggest that
the mirid’s distribution will be limited by cold winter temperatures and insufficient
thermal accumulation to the southern states of the USA, within the main
distribution of water hyacinth. Even though some spillover feeding on pickerel-
weed might result where the two plants co-occur, the risk of population level effects
seems minimal and the risk to more northern pickerelweed negligible. The benefits,
including improved habitat for pickerelweed, associated with further suppression
of water hyacinth, outweigh the minimal risk of collateral damage to pickerelweed.

Keywords: climate matching; pre-release evaluation; pickerelweed; host specificity,
realised host range

Introduction

Biological control agents against water hyacinth (Eichhornia crassipes (Mart.)
Solms), one of the world’s worst aquatic weeds, have been released in at least 30
countries worldwide (Julien and Griffiths 1998). The most successful are the weevils,
Neochetina bruchi Hustache (Coleoptera: Curculionidae) and N. eichhorniae Warner
(Coleoptera: Curculionidae), and the moth Niphograpta albiguttalis (Warren)
(=Sameodes albguttalis (Warren)) (Lepidoptera: Pyralidae), which have established
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throughout the world where biological control against water hyacinth has been
implemented (Julien and Griffiths 1998).

Although these agents have been at least partially successful, their effects are
spatially and temporally variable such that water hyacinth still causes problems in
many regions, including areas in the USA (Center, Dray, Jubinsky, and Grodowitz
1999a) and South Africa (Hill and Olckers 2000). More consistent results might be
obtained by additional herbivore pressure which calls for the evaluation of
additional control agents (Stanley and Julien 1999). One such agent against water
hyacinth is the mirid, Eccritotarsus catarinensis (Carvalho) (Heteroptera: Miridae),
which was released in South Africa during 1996 (Hill, Cilliers, and Neser 1999). They
found that E. catarinensis has potential as a control agent of water hyacinth in South
Africa due to its host specificity and because it has long-lived, mobile adults that
obviously damage the plant. The four nymphal instars and the adults feed
gregariously. Their feeding causes chlorosis of the foliage due to extraction of
chlorophyll from the palisade parenchyma, which ultimately leads to death of the
afflicted leaves (Hill et al. 1999). This mirid has been released in South Africa at no
less than 18 sites since 1996 (Hill et al. 1999), and has established at least 15 sites.
Subsequent evaluations have demonstrated that it impacts water hyacinth growth
(Coetzee, Byrne, and Hill 2007a) and competitive ability (Coetzee, Center, Byrne,
and Hill 2005; Ajuonu, Byrne, Hill, Neuenschwander, and Korie 2008), by reducing
the plant’s overall vigour.

Eccritotarsus catarinensis has also been released in Zimbabwe, Zambia, Malawi,
Benin and China, but has only established in Malawi. It was, however, rejected for
release in Australia because of possible damage to populations of native Monochoria
vaginalis (Burman f.) Kunth. (Pontederiaceae) (Stanley and Julien 1999). The mirid is
also being considered for release in the USA, but host specificity data from
laboratory trials showed that native American pickerelweed (Pontederia cordata L.),
an important littoral plant of waterways in the USA, may be at risk because feeding,
oviposition and nymphal development were recorded on several species in the
Pontederiaceae, including pickerelweed during host range studies in South Africa
(Hill et al. 1999). However, field trials in South Africa suggest that this risk is
minimal. At high population densities, the mirid spills over from water hyacinth onto
pickerelweed when both species grow in proximity to one another. By definition, this
‘spillover’ feeding is temporary as it is the result of large population densities of
mirids feeding on a suboptimal host (Louda, Pemberton, Johnson, and Follett 2003),
and even then, damage to pickerelweed is much less than on water hyacinth (Hill et
al. 2000). More importantly, the mirids fail to persist on pickerelweed when water
hyacinth is absent (Coetzee, Byrne, and Hill 2003).

Even though the mirid is both damaging and poses no threat to pickerelweed, it
would be futile to release it in the USA if it is not physiologically capable of
establishing at water hyacinth infested sites. Investigation of the mirid’s thermal
physiology predicted that cold winter temperatures would limit the distribution of
this insect in South Africa to tropical and subtropical regions (Coetzee, Byrne, and
Hill 2007b). This should also have a significant limiting effect on the establishment of
E. catarinensis in the USA, particularly in the more northern states where water
hyacinth is restricted in its northerly distribution by winter temperatures (Gopal
1987). We therefore wanted to determine whether the mirid will be physiologically
restricted to the warmer areas in the southern USA where water hyacinth is a
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problem, and excluded from the northern areas where pickerelweed occurs but where
water hyacinth is absent. We used degree-day modelling and climate matching to
investigate the potential distribution of E. catarinensis in the USA to further predict
the potential consequences of releasing E. catarinensis in the USA.

Materials and methods

This study reran models developed for predicting the distribution of E. catarinensis in
South Africa, to predict its distribution in the USA, based on thermal physiological
parameters determined in a previous study (Coetzee et al. 2007b) (Table 1). We used
various outputs in the ‘Compare Locations’ function in CLIMEX 3 (Hearne
Scientific Software), which employs an inferential approach to indicate the organ-
isms’ relative weekly population response to temperature variables, using interpolated
climate data (Sutherst, Maywald, and Kriticos 2007). First, a potential distribution of
E. catarinensis in the USA was created using the same CLIMEX parameter values
generated by inserting physiological data obtained in previous experiments, including
the critical thermal minimum (CTMin) and lower lethal temperature (LT5) (Coetzee
et al. 2007b), into the CLIMEX computer program parameter thresholds, to produce
Ecoclimatic Index (EI) values for climate grid data in the CLIMEX meteorological
database for the USA. This model combines growth and stress parameters to produce
the EI which is a measure of the overall suitability of the climate for the target species.
The EI describes the favourability of a location for a species and is scaled from 0 to
100 to represent the overall suitability of a geographical location for the propagation
and persistence of the species. As such, it indicates only the gross features of a species’
likely distribution (Sutherst and Maywald 1985).

Secondly, the ‘Generations’ output was selected to display the mean annual
degree-days accumulated for each grid cell, expressed as the number of generations
that the mirid could produce in a year. The reduced major axis regression method
proposed by Ikemoto and Takai (2000) was used to estimate the thermal constant K
and developmental threshold ¢ (Table 1), parameters required by CLIMEX to
calculate accumulated degree-days and number of generations.

Lastly, because mirid development is limited by cold winter temperatures in
South Africa (Coetzee et al. 2007b), it is also likely to be limited by winter
temperatures in the USA during which no development can occur, so the number of
weeks during which positive growth can occur was calculated using the ‘“Weeks of
positive growth index’ (Weeks of GI-pos) output. The weeks of GI-pos uses the
‘Growth index’ (GI) to calculate the number of weeks in the year in which the GI is
non-zero.

Table 1. Thermal physiological parameters of Eccritotarsus catarinensis (from Coetzee et al.
2007b).

Physiological parameter Value

Rate of development (K) 342 degree-days
Developmental threshold (7) 10.3°C

Critical thermal minimum (CTMin) 1.2+1.17°C

Lower lethal temperature (LTs) —-3.5°C
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All of these maps were imported into ArcGIS 9.3 (ESRI, Redlands California)
where the distribution of water hyacinth and pickerelweed in the USA were overlaid
onto the models.

Results

The hypothetical distribution of E. catarinensis in the USA, as predicted by
CLIMEX, illustrates that only the southern states have EI values high enough to
allow the mirid to establish and persist (Figure 1). Locations with an EI value close
to 0 are not suitable for the long-term survival of the species, while an EI greater than
30 is considered very favourable (Sutherst, Maywald, Yonow, and Stevens 1999). All
of the unfavourable locations have an EI of 0, because cold stress accumulated over
winter limits the potential distribution of the mirid at these locations.

Similarly, degree-day modelling indicated that E. catarinensis can complete at
least one generation per year over most of the continental USA (up to 16 generations
could occur in Florida) (Figure 2). Degree-day modelling therefore predicts that
insufficient thermal summation particularly over the cold winter months will limit
the mirid’s distribution to the south-eastern USA, where water hyacinth occurs. In
the marginal areas, there is insufficient heat over the winter months to allow the
populations to build up, suggesting that transient populations may occur over the
summer months only. Furthermore, the number of weeks of positive growth is
highest in the south-eastern states where every week of the year is available for
positive growth, while less than half the year is favourable in the north east, and no
weeks are favourable in the north west (Figure 3).

Discussion

Water hyacinth is limited to the southern states of the USA by cold winters (Gopal
1987). The results presented here suggest that the mirid should be able to establish

iy

Ecoclimatic Index
0

.‘IDO

{ ] Pickerelweed distribution
[/77] water hyacinth distribution

Figure 1. The potential geographical distribution of Eccritotarsus catarinensis in the United
States of America, as fitted by the ‘Ecoclimatic Index (EI)’ in CLIMEX 3.
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[ | Pickerelweed distribution
[7777] water hyacinth distribution

Figure 2. The number of generations that Eccritotarsus catarinensis can complete in a year in
the United States of America, estimated from the parameters K and ¢ obtained using the
reduced major axis regression model, and modeled using the ‘Generations’ output in
CLIMEX 3.

permanent populations throughout the range of water hyacinth in the southern
USA, as the CLIMEX model generated high EI values in the south (Figure 1), and
predicted it to be able to complete between eight and 16 generations in a year where
water hyacinth is present (Figure 2). The mirid was originally collected from
Florianopolis and Rio de Janeiro in Brazil, where a previous study predicted that it
would complete 12 and 13 generations a year, respectively (Coetzee et al. 2007b). So
the 16 generations predicted in Florida exceeds the number of generations predicted
for those two Brazilian locations. Extremely cold winter temperatures in the USA are
likely to limit E. catarinensis to southern states that experience milder winters, where

Weeks positive growth
0

.52

[/ZE] Water hyacinth distribution
Pickerelweed distribution

Figure 3. The number of weeks of positive growth of Eccritotarsus catarinensis in the United
States of America, as fitted by the “Weeks of positive growth’ output in CLIMEX 3.
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the mirid should survive through the winter. It would likely thrive in Florida and
southern Texas, where every week of the year is available for positive growth. A
latitudinal cut off point is predicted at 35°N, beyond which the mirid will not be able
to persist, only establishing temporarily during summer months. The mirid could
therefore be a useful additional control agent of water hyacinth in the USA inasmuch
as it reduces water hyacinth vigor and would be able to survive during the winter in
the south.

Pickerelweed has a range well beyond that of water hyacinth into the northern
states, but because the CLIMEX model predicted that the mirid is unable to establish
in the central and northern states of the USA due to extreme cold winters, and
therefore insufficient thermal summation required to overwinter, any potential risk
to pickerelweed in these states is eliminated. Furthermore, the mirid is unable to
establish on pickerelweed in the field, in the absence of water hyacinth (Coetzee et al.
2003). However, spillover feeding damage to pickerelweed is still a concern where
water hyacinth and pickerelweed co-occur (Hill et al. 2000). Any fear that the mirid
will exterminate pickerelweed is exaggerated, however, and the transitory, light
feeding that may occur on pickerelweed is unlikely to threaten the existence of this
plant. Where water hyacinth and pickerelweed co-occur, herbicide operations against
water hyacinth also eliminate pickerelweed, and drifting mats of water hyacinth
scour the pickerelweed stands and uproot the plants, causing their destruction
(Center, Van, and Hill 2001). So, improved biological control of water hyacinth
would likely benefit pickerelweed.

Approximately 30% of insects introduced as weed control agents to the USA
cause substantial damage to their target plants, but only 6% are able to reduce weed
density sufficiently by themselves (Harris 1988). More importantly, only about three
out of 95 successful agents released have caused damage to nontarget, native plants
(McFadyen 1998), e.g. the weevil, Rhinocyllus conicus Froel. (Coleoptera: Curculio-
nidae), released to control Eurasion thistles of the genus Carduus L. (Louda,
Kendall, Connor, and Simberloff 1997). Clearly there are dangers inherent in
releasing control agents with known broad host ranges, but the benefits associated
with the release of more host specific agents need to be remembered. For instance,
the weevil, N. eichhorniae is one of the most successful control agents released against
water hyacinth in the USA, where numerous studies have documented its beneficial
effects (e.g. Goyer and Stark 1984; Center and Van 1989; Grodowitz, Stewart, and
Cofrancesco 1991; Center, Dray, Jubinsky, and Leslic 1999b). However, after weevil
herbivory causes the collapse of water hyacinth populations in early autumn, sizable
populations of adult weevils spill over onto ornamental canna (Canna spp.) and
pickerelweed (Center 1982). It was known prior to release that the weevil could feed
on pickerelweed, but that it was not a developmental host (Center 1982). The level of
feeding damage by the weevil to these non-target plants is acceptable because of the
associated benefits of reduction in water hyacinth.

There is usually insufficient evidence to validate the safety or risk of biocontrol
because monitoring of damage by introduced control agents to non-target species is
often minimal (Simberloff and Stiling 1996a). Both proponents and opponents of
biocontrol recommend that extensive pre- and post-release evaluations on environ-
mental effects of control agents be conducted to assess the risk of introduced agents
(e.g. Simberloff and Stiling 1996b; Thomas and Willis 1998; McEvoy and Coombs
2000), but completing such evaluations efficiently and thoroughly is a daunting
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prospect due to the vast amount of time and resources that they require. Moreover,
releasing more and more control organisms contests the capabilities of monitoring
efforts (McEvoy and Coombs 1999), in that monitoring multiple agents is difficult.
While this is not an acceptable excuse not to conduct post-release evaluations, there
are few examples of such analyses. Studies such as this one and its associated
findings (e.g. Hill et al. 2000; Coetzee et al. 2003, 2005, 2007a) go some way to
addressing these concerns in that they provide ideal opportunities to perform what
many researchers have suggested, such as Louda’s (2000) insights to minimise the
risk of biocontrol agents. Much of the pre-release testing of E. catarinensis, as well as
a substantial amount of post-release assessment, pertinent to its use in the USA, has
been conducted on another continent, thereby providing further data regarding the
need for and safety of this agent.

We therefore suggest that E. catarinensis be considered for release as an
additional control agent of water hyacinth in the USA, inasmuch as it only
reluctantly accepts pickerelweed as a host, and then only in the presence of its
preferred host, water hyacinth (Hill et al. 2000). The recent determination that the
mirid reduces the vigour of water hyacinth, in terms of growth and competitive
ability (Coetzee et al. 2005, 2007a), and the results of this study alleviates this
concern and further justifies consideration of this insect for release in the USA.
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